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Order-disorder processes fundamentally determine the structure and properties of many important oxide
systems for energy and computing applications. While these processes have been intensively studied in bulk
materials, they are less investigated and understood for nanostructured oxides in highly non-equilibrium
conditions. These systems can now be realized through a range of deposition techniques and probed at
exceptional spatial and chemical resolution, leading to a greater focus on interface dynamics. Here we survey
a selection of recent studies of order-disorder behavior at thin film oxide interfaces, with a particular emphasis
on the emergence of order during synthesis and disorder in extreme irradiation environments. We summarize
key trends and identify directions for future study in this growing research area.
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I. INTRODUCTION
Understanding and controlling order in metals1 and
ceramics2 represents a grand materials science challenge
with broad implications for transformative technologies,
including quantum computing, electronics, and clean en-
ergy. Order-disorder processes govern important func-
tionalities, such as electronic and magnetic order, that
are intimately linked to the dynamics of atomic-scale
structure, chemistry, and defects. Many experimental
and theoretical frameworks have been developed to un-
derstand order-disorder behavior in different materials
classes, including metals, ceramics, and polymers.3 How-
ever, most frameworks have focused on the behavior of
bulk materials, engineered through traditional solidifica-
tion and solid state processing routes. The emergence
of powerful, atomically-precise synthesis techniques for
semiconductors and oxides in the late twentieth cen-
tury introduced a new class of nanostructured materials,
which are grown far from equilibrium and are not well
described by conventional bulk thermodynamics.4 Thin
film materials exhibit novel and desirable properties dis-
tinct from their bulk counterparts,5 such as emergent fer-
roic ordering, enhanced ion conduction, and unique radi-
ation responses, which has motivated efforts to engineer
their functionality through intricately designed synthesis
routes.6,7
Despite extensive past work, the field is still lim-
ited by an incomplete understanding of growth path-
ways and defect formation mechanisms, which lead to
deviations from idealized crystal structures and poorly
controlled order-disorder behavior. The two most
common classes of functional oxides—perovskites and
pyrochlores—possess flexible crystal structures that can
host a range of multivalent cation species, lattice defects,
and reconfigurations.8–10 The strong coupling between
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lattice, spin, and charge degrees of freedom in these sys-
tems provides a handle to tune properties.11 Many prior
thin film engineering studies have focused on the impact
of substrate constraints on growth pathways and result-
ing interface structure and properties.12 More recently,
efforts have turned to probing the dynamic nature of the
thin film growth process resulting from the balance of
thermodynamic and kinetic limitations.13 The field has
also become increasingly concerned with the influence of
extreme conditions14,15 on interface and phase stability.
It is becoming clear that successful predictive design of
oxide interfaces requires a more nuanced grasp of the fac-
tors mediating order-disorder behavior.
Recent advances in characterization and modeling tai-
lored to probing interface behavior have begun to pro-
vide new insight into order-disorder processes. The
development of in situ X-ray diffraction (XRD) meth-
ods during deposition, for example, has revealed com-
plex structural rearrangements during growth.16–20 Area-
averaged scattering methods can be complemented by
aberration-corrected scanning transmission electron mi-
croscopy (STEM) and electron energy loss spectroscopy
(STEM-EELS) techniques, which can investigate lo-
calized, aperiodic perturbations, defects, and chemical
states of phase boundaries.21,22 These experiments are
underpinned by a theoretical framework of ab initio simu-
lations, which can be linked to scattering and microscopy
measurements. A variety of codes23,24 have been devel-
oped for image and spectral simulations based on relaxed
theory models, allowing defect configurations to be ex-
tracted with a high level of accuracy.
However, many questions remain unanswered about
the exact nature of order-disorder behavior at thin film
oxide interfaces, even in common perovskite and py-
rochlores. It is presently still difficult to adequately char-
acterize growth dynamics of many oxide systems with
sufficient spatial, chemical, and temporal resolution. In
turn, we are unable to predict optimal synthesis path-
ways and defects with a high degree of accuracy,25 pre-
cluding us from achieving targeted structures and con-
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2trolling their evolution in extreme, non-equilibrium en-
vironments. Similarly, disordering behavior of model ox-
ide interfaces has not been widely studied, leading to an
incomplete picture of defect formation in specific, well-
defined interface configurations. The roles of the inter-
face versus the bulk in defect generation and transport
are also currently unclear, motivating efforts to examine
this behavior in greater detail through correlative experi-
ment and theory. In this critical review, we focus on more
recent literature and progress in this area. Our aim is not
to be exhaustive, but rather to highlight a selection of on-
going developments to inspire future research efforts in
this fast evolving field.
II. ORIGINS OF ORDER-DISORDER BEHAVIOR
Order-disorder phenomena have been intensely stud-
ied since before the advent of modern materials science
and solid state physics.3 These processes broadly describe
the transition of material from a crystalline to amorphous
state and vice versa, with varying degrees of order in be-
tween. The nature of this transition and its mediation by
a hierarchy of point, cluster, line, and extended defects
is a richly complex topic with enormous implications for
properties of materials. For the purposes of this review,
we will consider defect types specific to interfaces of per-
ovskite and pyrochlore oxides. These materials are ubiq-
uitous components of heterostructures, possessing high
structural and chemical compatibility as well as desirable
properties. To better understand defect behavior and
its subsequent evolution, particularly in non-equilibrium
synthesis and processing conditions, we first discuss the
lattice and energetic drivers that determine the stability
of these components and their interfaces.
A. Bulk Perovskites and Pyrochlores
The ideal ABO3 cubic perovskite structure possesses a
Pm3¯m space group consisting of cubic close-packed AO3
octahedra and corner-sharing BO3 octahedra, where A
and B are transition metal and rare-earth cation species
such as Fe, Ti, Sr, La, and others. Deviations from the
ideal cubic structure are described by the Goldschmidt
tolerance factor (rA/rB),
26 which relates the geometric
compatibility of A–O and B–O bond lengths and result-
ing lattice distortions. For tolerance factors < 1 the coor-
dination number of the A-site cation species can be low-
ered through correlated BO6 octahedral tilting, which
has been described by Glazer et al.,27 as well as Jahn-
Teller distortions of the cation species. Alternatively, for
tolerance factors > 1, the AO3 octahedra can adopt par-
tial or full hexagonal stacking sequences, often with the
formation of extensive B-site cation vacancies. Order in
the perovskite system can occur on both cation sublat-
tices, as well on anion sites. Differences in preferred co-
ordination, valence, and size of cation species can lead to
A-site ordering (usually with cation vacancies) or B-site
ordering between two metal cations (yielding the double
perovskite structure),28 producing materials with novel
dielectric and ferroic behavior.29 Alternatively, in non-
stoichiometric perovskites, oxygen vacancies can order
into elaborate networks, as in the case of brownmillerites
and cuprate superconductors.30 Because of the strong
connection between vacancy formation and properties,
efforts to probe and harness vacancy populations has at-
tracted considerable attention.31
The ideal A2B2O7 pyrochlore structure is a derivative
of the Fd3¯m fluorite structure, which possesses a face-
centered cubic arrangement of the (usually-larger) A-site
cation species and full tetrahedral interstitial occupancy
of the B-site cation species. However, the pyrochlore
derivative exhibits alternate ordering of the A- and B-
site species in rows along the <110> direction. Most
often, 3+ valence A-sites are fully 8-fold oxygen coor-
dinated, while 4+ valence B-sites are only 6-fold oxy-
gen coordinated, with two vacant anion sites to main-
tain charge neutrality. The difference in cation size is a
major factor in ordering of the structure and random-
ization of the cation species must be accompanied by
simultaneous vacancy disorder in the anion sublattice.32
This unique coupling between cation and anion disorder
imparts potentially useful ionic conductivity and elec-
tronic properties.33 Interestingly, these materials have
been shown to exhibit local fluctuations in order that can
affect properties.14 In addition, the alloying of different
cation species provides a route to control the degree of
ordering into the pyrochlore structure, as the cation anti-
site formation energy scales with chemical substitution.34
Because of the similarity between the ordered pyrochlore
and disordered fluorite structure, the radiation effects
community has examined pyrochlores in high-radiation
environments, such as those encountered in nuclear waste
forms and reactor components.34–36
B. Thin Film Interfaces
The development of refined layer-by-layer deposition
techniques has revolutionized the design of high-purity
oxide and semiconductor thin films. Here we focus pri-
marily on the various modes of molecular beam epitaxy
(MBE), including elemental, chemical, metal-organic,
and hybrid variants, which are among the most precise
methods to engineer film structure and chemistry.37–39
MBE enables epitaxial deposition of a wide variety of
metal species in a clean, ultra-high vacuum environment
under controlled oxygen partial pressure without the in-
jection of energetic ion species. In a typical experiment,
beams of metal atoms are generated produced by metal
effusion cells, generating an atomic flux pointing toward a
single crystalline substrate. An oxygen source (O, O2, or
O3) is simultaneously introduced, ideally leading to uni-
form, fully oxidized atomic layers.4 Growth can be per-
formed in co-evaporative or shuttered modes and moni-
3tored in situ using reflection high-energy electron diffrac-
tion (RHEED) to achieve precise monolayer-level control
of film configurations. MBE has been used to engineer a
wide variety of III-V / II-VI semiconductors, supercon-
ductors, and ferroic oxides, giving rise to a whole field of
interface engineering.5,39
There are many additional defect types that may form
during nanostructuring of oxides, owing to the added
mobility of alloying elements and energy costs associ-
ated with interface formation. In general, the most
common defects are strain-induced structural distortions,
misfit dislocation formation, cation intermixing, and oxy-
gen vacancies.40–43 Oxides are typically grown on single-
crystal substrates with similar lattice parameters to the
desired film material. For thin layers on low lattice
mismatch (a few %) substrates, epitaxy can usually be
achieved through coherent lattice strain and local bond
distortions in the film. Because of strong electron-lattice
coupling, this process can modify the material’s elec-
tronic, magnetic, and optical properties in the vicin-
ity of the interfaces, as has been well established for
ferroic materials.12,44 Alternatively, for thicker films or
those possessing greater lattice mismatch, misfit disloca-
tions can form to relax the overall lattice strain, lead-
ing to semicoherent or incoherent interfaces.45 The far-
reaching strain field around these dislocations (several
nm) can lead to the formation of intricate and complex
networks, which in turn possess unique chemical, trans-
port, and radiation responses.46–51 In addition to these
extended defects, more localized cation defects can also
easily form in response to the interface strain and charge
state, depending on the choice of substrate and its sur-
face termination. The similar size of multivalent cation
species, coupled with the elevated temperatures used dur-
ing deposition, provide ample opportunity for cation in-
termixing, which can completely alter the character of
the interface.52 Finally, as is the case for bulk perovskites
and pyrochlores,53 oxygen defects can also easily form
in the vicinity of interfaces in response to competing
ionic, charge, and transport processes.31 These defects
can exist in isolation, in clusters, or order into extended
structures, such as vacancy planes.54,55 The former are
typically very challenging to quantify using most imag-
ing, spectroscopy, and scattering techniques, necessitat-
ing multi-modal and theory-backed characterization.31
Because even trace amounts of oxygen defects can signif-
icantly affect functionality, numerous studies have pur-
sued better control of these important defects.31 To-
gether, these and other defects give rise to distinct order-
disorder behavior at oxide interfaces.
III. ORDERING DURING SYNTHESIS
Decades of study5,38 have shown that unexpected de-
fects can dominate interface behavior, leading to a grow-
ing awareness that a simplistic picture of synthesis path-
ways and interface formation is insufficient. While less
energetic ion species in MBE can help minimize intrinsic
defect formation, the low growth pressure of the MBE
process makes it difficult to control film stoichiometry.56
It has become increasingly apparent that thermodynamic
and kinetic limitations, as well as slight fluctuations in
process variables can greatly impact growth, which has
spurred efforts to develop new synthesis approaches.6
However, it is not trivial to achieve control over crys-
talline order in these highly non-equilibrium processes,
due to the transient nature of the growth process and
a lack of direct insight into the local growth environ-
ment, which together preclude effective predictive mod-
eling. Nonetheless, there has been progress in control-
ling order-disorder behavior at interfaces, leveraging ad-
vanced in situ methods, local probes, and increasingly
intricate growth recipes. Here we highlight a selection of
recent studies of perovskite- and pyrochlore-related ma-
terials, including Sr2TiO4 / SrTiO3 (STO),
20 LaTiO3
(LTO) / STO,16 LaFeO3 (LFO) / STO,
57–60 PbTiO3
(PTO) / STO,13 BiFeO3 (BFO) / STO,
13 La0.5Zr0.5O1.75
/ LaAlO3 (LAO),
61 and Nd0.5Zr0.5O1.75 / LAO,
61 sum-
marizing key observations.
The study of STO perovskite heterointerfaces has con-
sumed the oxides field for many decades. Much has
been said about systems such as archetypal LAO /
STO,62,63 which exhibits interface conductivity that is
highly sensitive to interface configuration64 and can be
impacted by defects such as cation intermixing and oxy-
gen vacancies.52 The emergence of order on STO sur-
faces and dynamic interface rearrangement is a topic of
intense discussion. Lee et al.20 examined the layer-by-
layer growth sequence of the Sr2TiO4 / STO system us-
ing a novel X-ray chamber equipped with an in situ oxide
MBE capability. They intentionally designed an SrO →
SrO→ TiO2 → SrO growth sequence, observing changes
in X-ray crystal truncation rod (CTR) patterns that re-
flect the film surface termination. Careful fitting of the
CTR data showed that, while the preceding sequence was
targeted, the as-synthesized interface rearranged into a
SrO → TiO2 → SrO configuration, as shown in Figure
1.A. They performed a series of ab initio calculations
to evaluate the energetics of layer formation and poten-
tial pathways for rearrangement. Interestingly, their re-
sults showed that there is a considerable thermodynamic
driving force (∼ 0.6 eV / Ti atom) for structural re-
arrangement, which impedes stabilization of perovskite-
derivative Ruddlesden-Popper (RP) phases. To explain
this behavior, they performed molecular dynamics sim-
ulations, which revealed a potential pathway for rear-
rangement in which surface TiO2 layers migrate into the
underlying SrO layer through attack by TiO2 + O tetra-
hedral clusters. Building off this knowledge, the authors
deposited a SrO→ SrO→ SrO→ TiO2 sequence, which
after rearrangement into SrO → SrO → TiO2 → SrO
allowed them to stabilize the desired RP phase. The au-
thors obtained comparable results for a related La3Ni2O7
structure, supporting the generalizability of this mecha-
nism. Subsequent work by Nie et al.65 also showed that
4FIG. 1. Examples of complex synthesis pathways and dynamic rearrangement in interfaces of (A) La3Ni2O7 / SrTiO3. Re-
produced from Reference 20 with permission of Springer Nature. (B) LaFeO3 / SrTiO3. Reproduced from Reference 57 with
permission of the American Physical Society. (C) La0.5Zr0.5O1.75 / LaAlO3. Reproduced from Reference 61 with permission
of Spring Nature.
TiO2 layers can migrate into underlying SrO layers dur-
ing growth of titanate RP phases on DyScO3 substrates,
further supporting a complex and dynamic picture of film
formation. These studies highlight the insufficiency of
simple models for layer-by-layer growth and important
insights provided by in situ methods.
Dynamic layer rearrangement has also been observed
in the LFO / STO system, where it affects the ability
to control interfacial band structures for photocataly-
sis. Nakamura et al.60 examined polar LFO grown on
TiO2- and SrO-terminated STO substrates using pulsed
laser deposition (PLD), observing visible-light photocur-
rents that differed in direction depending on the interface
configuration. They attributed this behavior to the dif-
ferences in polarization that arise from interface dipoles
and polar discontinuity. Subsequent work by Comes and
Chambers58 revealed that, despite attempts to engineer
two interface polarities, the potential gradient of the LFO
and interface band offsets are similar. This contradic-
tory finding motivated further investigation by Spurgeon
et al.57 to determine mechanisms for the observed be-
havior. They examined the two interface configurations,
with initial STO terminations confirmed to be TiO2 and
SrO by X-ray photoelectron spectroscopy (XPS) prior
to LFO deposition. After the LFO layer was deposited,
STEM-EELS was used to assess the character of the re-
sulting interfaces. As shown in Figure 1.B, the final het-
erojunctions were identical, with LaO → TiO2 configu-
rations in both cases. While EELS fine structure mea-
surements revealed a subtle shift in Fe valence for the
TiO2-terminated sample, there was no clear long range
intermixing, indicating that the SrO-terminated sample
undergoes a structural rearrangement similar to the work
of Lee et al.20 The authors conducted ab initio calcula-
5tions to assess possible drivers for rearrangement, finding
that an FeO2 → SrO configuration is much less ener-
getically preferred than the LaO → TiO2 configuration.
Moreover, they found that during sequential, shuttered
growth, unstable Fe4+ ions can form, which in turn can
promote oxygen vacancies. These vacancies may act as
a pathway for the rearrangement to occur. These find-
ings are aligned with in situ XRD studies performed by
Cook et al.16 during PLD growth of LTO / STO. They
observed the presence of a TiO2 double layer at STO sub-
strate surface that persisted through continuous interface
rearrangement, regardless of the LTO film growth condi-
tions. This series of studies shows how dynamic crystal
rearrangements mediate the emergence of order at inter-
faces. A multimodal approach based on local probes and
atomistic simulations can help map energetic pathways.
With these limitations in mind, other studies have
attempted to balance thermodynamic and kinetic fac-
tors to more precisely control growth. Smith et al.13
grew PTO and BFO on STO substrates using both con-
tinuous codeposition and adsorption-controlled growth
modes in MBE. The resulting films were examined us-
ing XRD to determine the relative distribution of phases
and their deviation from the targeted, phase-pure struc-
tures. They observed that phase-pure PTO can only be
achieved during continuous codeposition with low tita-
nium flux. The growth of this system cannot be de-
scribed by thermodynamics alone, since it is strongly de-
pendent on titanium flux rate, meaning it is kinetically
driven. The authors obtained similar results for BFO
growth, finding that the selection of oxidant mixture
can impact the growth window for phase-pure BFO. Ef-
forts to synthesize pyrochlore-like structures has revealed
similar effects. O’Sullivan et al.61 examined deposition
of the pyrochlore-derived defect fluorites La0.5Zr0.5O1.75
and Nd0.5Zr0.5O1.75 on LAO substrates using PLD. The
films were measured using XRD, as well as local STEM-
EELS and annular bright field (ABF) imaging, the latter
of which revealed a complex interfacial reconstruction to
accommodate mismatch between the perovskite and de-
fective fluorite layers. As shown in Figure 1.C, the re-
sulting interface is not a simple combination of two struc-
tures, but rather a distinct region containing both struc-
tural and chemical distortions. The authors performed
ab initio calculations for various possible interfacial re-
arrangements, which they then fitted to the ABF data.
They determined that the ability of the La0.5Zr0.5O1.75
fluorites to accommodate eight-fold coordinated fluorite,
six-fold coordinated perovskite B-sites, and intermediate
seven-fold coordinated perovskite-fluorite hybrid blocks
enables coherent matching of the film and substrate. An
important conclusion of this work was that, depending on
the coordination chemistry of the materials under consid-
eration, it is possible to harness structural reorganization
to coherently interface drastically different interface com-
ponents.
This selection of recent work underscores the complexi-
ties and rapidly evolving picture of layer-by-layer materi-
als synthesis and the emergence of order in thin film inter-
faces. It is increasingly apparent that simplistic models
of film growth can overlook kinetic and thermodynamic
limitations, which in turn drive complex structural rear-
rangements that lead to deviations from targeted struc-
tures. The contributions of in situ measurement tech-
niques and local probes are invaluable in visualizing these
processes, and more development is needed to map and
harness synthesis pathways to achieve desired structures.
IV. DISORDER DURING IRRADIATION
The interaction of radiation with matter is a complex
process with implications for many fields, including elec-
trochemistry, photonics, and nuclear energy. Oxides have
long been studied in this context, since they comprise
many of the materials used in energy storage, the nu-
clear fuel cycle, and devices in extreme environments.
A large body of work32,35,66,67 has examined bulk py-
rochlore oxides as potential nuclear waste forms and sen-
sors, which possess unique radiation tolerance because
of the structure’s ability to disorder into a defected fluo-
rite structure.34 Perovskite materials have also been stud-
ied for these applications67–69 and both systems have at-
tracted attention as media for atom-by-atom materials
synthesis using electron beam irradiation.70–72
While radiation-induced disorder has been studied in
both bulk pyrochlores and perovskites, less attention has
been paid to model interfaces of these and other ox-
ides. Recent reviews73–75 have emphasized the unique
environment of nanostructured oxides, their potential en-
hanced radiation tolerance, and a lack of literature con-
cerning structured interface responses. A handful of ox-
ide interfaces have been examined in detail using mod-
ern local characterization methods, yielding a wide va-
riety of different behaviors. Here we review a selec-
tion of recently examined perovskite systems, includ-
ing TiO2 / STO,
76,77 CeO2 / STO,
78,79 MgO / STO,80
and BaTiO3 (BTO) / STO,
81 as well as pyrochlore
systems, including Gd2Ti2O7 (GTO) / Y:ZrO2,
82,83
La2Ti2−xZrxO7 (LTZO) / Y:ZrO2,84,85 and La2Ti2O7 /
SrTiO3 (STO).
86,87 We identify overall trends and sug-
gest directions for future study.
A central question in the study of radiation effects in
oxide heterojunctions concerns the potentially unique re-
sponse of the interface relative to the bulk of the com-
ponent materials. Ubiquitous STO interfaces, which can
be synthesized with a high degree of control, have un-
surprisingly attracted considerable study to help answer
this question. As shown in Figure 2.A, Zhuo et al.76,77
have examined STO / TiO2 interfaces irradiated with 250
keV Ne2+ ions using a cross-sectional TEM and atomistic
simulations. The authors observed a defect-denuded zone
extending a nearly constant ∼ 10 nm on the TiO2 side
of the interface, as well as an amorphous layer on the
STO side that grows with increasing dose. Prior to ir-
radiation, the authors noted a high density of misfit dis-
6FIG. 2. Examples of irradiation-induced disorder in perovskite interfaces of (A) TiO2 / SrTiO3. Reproduced from Reference
77 with permission of Elsevier. (B) CeO2 / SrTiO3. Reproduced from Reference 79 with permission of Wiley. (C) BaTiO3 /
SrTiO3. Reproduced from Reference 81 with permission of the American Institute of Physics. (D) MgO / SrTiO3. Reproduced
from Reference 80 with permission of the Materials Research Society.
locations on the TiO2 side, which are known pathways
for defect annihilation.88 However, even after subsequent
irradiation and disappearance of the dislocations, the de-
nuded zone remained, pointing to an alternative mech-
anism. Atomistic modeling indicated that the interface
environment itself appears to have little effect on defect
migration and it is rather competition between the chemi-
cal potential and kinetics of the two interface components
that drives defect dynamics. Moreover, the greater sus-
ceptibility of the STO to radiation damage versus TiO2
appears to dictate which side of the interface is prone to
disorder.
The question of interface contributions to disordering
of perovskite-based systems has also been examined in
the STO / CeO2 system by Aguiar et al.,
79 who focused
on the role of STO substrate step structures. As shown in
7Figure 2.B, the authors used STEM-EELS to probe sub-
tle local perturbations in the chemistry of the adjacent
CeO2 layer around step edges in the starting material.
They observed a Ce valence shift toward Ce3+ at the in-
terface that was even more pronounced around TiO2 than
SrO terrace steps. During irradiation by 400 keV Ne2+
ions, they measured amorphization of the STO side sim-
ilar to the STO / TiO2 interface, but found that damage
tended to cluster around step edges and was associated
with a reversion to the stoichiometric Ce4+ valence on
the CeO2 side. These findings led the authors to propose
that sub-stoichiometric CeO2 regions may act as sinks
for radiation-induced oxygen interstitials, which migrate
from the STO side, leaving behind structurally destabiliz-
ing oxygen vacancies. Dholabhai et al.78 used atomistic
simulations to study the response of cation and anion de-
fects for different step edge structures in the same system.
They found that certain step structures may act as re-
combination sites for point defects, but determined that
the recombination process is also significantly impacted
by defect mobility. In particular, O vacancies and in-
terstitials are more mobile in STO than their Sr and Ti
counterparts, leading to the annihilation of anion defects
and accumulation of cation defects that destabilize the
STO faster than CeO2.
The above findings reinforce the competition between
interface configuration and defect kinetics in interface
components during disordering. For example, in the case
of STO / BTO irradiated by 300 keV Ne2+, Bi et al.81
found no evidence for interface denuded zones or prefer-
ential amorphization. While they did observe a relation-
ship between lattice strain state and radiation tolerance,
their atomistic simulations showed no preference for de-
fect formation on either side of the interface. Rather,
they found that subtle differences in defect mobilities
can impact damage recovery and its spatial onset rel-
ative to the interface position. These results are sup-
ported by numerical simulations performed by Blas et
al.,89,90 which have shown that defect formation tenden-
cies and transport in interface components, rather than
the unique response of the interface itself, may determine
overall response. In contrast, Aguiar et al.80 have shown
that the behavior of STO / MgO is strongly influenced
by interface configuration. They synthesized a structure
consisting of (100)- and (110)-oriented STO domains on
MgO, which were subsequently irradiated using 250 keV
Ne2+ ions. They observed the preservation of a crys-
talline denuded zone in the STO (100) domains but not
the STO (110) ones, which they attributed to differences
in the charge state of the two orientations. Charge neu-
tral STO (100) planes are less likely to interact strongly
with the space charge induced by irradiation than STO
(110) planes, favoring the preservation of the former over
the latter. In this instance, the exact configuration of the
interface appears to play a dominant role in the disorder-
ing process.
As already mentioned, radiation damage effects have
been extensively studied in bulk pyrochlores, but fewer
efforts have focused on well-controlled thin film inter-
faces of these materials. As shown in Figure 3.A, Kreller
et al.82 have examined GTO / YSZ irradiated by 200
keV He+, utilizing TEM and selected-area diffraction to
locally visualize the disordering process. They observed
graded structural amorphization consistent with the ex-
pected ion irradiation damage profile and no clear dif-
ferences at the film-substrate interface. They did note
abrupt and substantial changes in ionic conductivity dur-
ing irradiation, which were linked to underlying anion
disorder and potentially impacted by substrate-imparted
lattice strain. Importantly, these changes in conductivity
appear to be solely related to structural disorder, under-
scoring their role in determining material behavior.
Interface effects on the disordering behavior of py-
rochlores have also been explored in the LTZO sys-
tem. Kaspar et al.85 studied La2Zr2O7 (LZO) / YSZ
(111) interfaces irradiated by 1 MeV Zr+ ions. The
authors examined the stages of disordering using area-
averaged scattering techniques and local high-resolution
STEM imaging. Their measurements revealed a very
unusual progression of disorder in which both the film
surface and film-substrate interface preferentially amor-
phized relative to the bulk of the LZO. Geometric phase
analysis (GPA) measurements revealed a network of
misfit dislocations, whose surrounding strain fields are
known to affect local structure, chemistry, and radiation
response.49,51 Structural relaxation may also partially ac-
count for the observed behavior at the film surface. To
gain further examine disordering dynamics in this sys-
tem, Sassi et al.84 conducted an ab initio molecular dy-
namics study of electronic excitations in various LTZO
compounds. While they did not specifically focus on in-
terface behavior, their simulations elucidated potential
mechanisms governing disordering processes. They found
that the formation of O2-like molecules mediates amor-
phization and that, depending on the phase of the mate-
rial, TiO6 octahedral rotations can promote this forma-
tion. Doping of Zr into the monoclinic La2Ti2O7 phase
increases the material’s bandgap and mitigates these ro-
tations, making it more resistant to electronic excita-
tions. These results point to the potentially important
role of interfaces in constraining these octahedral dis-
tortions, analogous to well-known substrate clamping in
perovskites.91
To better understand the nature of electronic defects
and the role of interface configurations, Spurgeon et al.86
examined La2Ti2O7 / STO interfaces irradiated by 1
MeV Zr+ ions. The authors employed analytical STEM
imaging and nanobeam diffraction to visualize changes
in local crystallinity imparted by irradiation. They ob-
served a progression of amorphization, beginning with
the surface of the film and then the bulk of the sub-
strate, with the preservation of a distinct crystalline band
on the STO side of the interface. STEM-EELS mea-
surements of the as-grown and irradiated films showed
substantial changes in the O K and Ti L2,3 edge fine
structure, reflecting the formation of oxygen vacancies.
8FIG. 3. Examples of irradiation-induced disorder in pyrochlore interfaces of (A) Gd2Ti2O7 / Y:ZrO2. Reproduced from
Reference 82 with permission of the Royal Society of Chemistry. (B) La2Zr2O7 / Y:ZrO2. Reproduced from Reference 85 with
permission of Elsevier. (C) La2Ti2O7 / SrTiO3. Reproduced from Reference 86 under CC-BY-4.0 license.
STEM imaging also revealed two predominant interface
configurations—a majority monoclinic La2Ti2O7 / STO
and minority perovskite LaTiO3 / STO. To determine
possible drivers for disordering behavior, the authors con-
ducted ab initio simulations to calculate the energy of va-
cancy formation for the two configurations. Their results
showed that oxygen vacancies are difficult to form at the
interface, with a distinct tendency for vacancies to accu-
mulate on the film side in the former and in the substrate
in the latter. These results suggest that that relative sus-
ceptibility of the two interface components can perhaps
dictate the formation and migration of oxygen vacancies
and other radiation-induced defects. Moreover, this re-
sult is similar to the work of Aguiar et al.80 on STO /
MgO, which showed a preference for denuded zone forma-
tion in STO (001) versus STO (110) domains. It suggests
that appropriate selection of phases, chemistries, and in-
terface configurations may be used to guide the radiation
response of oxide heterostructures.
The highlighted perovskite and pyrochlore studies il-
lustrate the complex nature of radiation-induced disorder
at oxide interfaces. Emerging local probes and modeling
efforts have uncovered a wide variety of interface behav-
iors that are intimately connected to the ability to form
and transport point defects. Still, more systematic stud-
ies of salient factors governing the radiation response are
needed to isolate interface and bulk effects on defect dy-
namics.
9V. CONCLUSIONS AND FUTURE DIRECTIONS
In this critical review, we have attempted to summarize
a selection of recent developments in understanding the
origins of of order-disorder behavior during the synthesis
and irradiation of oxide interfaces. Great strides have
been made in the use of in situ methods, local chemical
imaging, and predictive modeling to probe the evolution
of many important oxide systems. Nonetheless, our sur-
vey shows that more work is needed to disentangle and
harness the complex energetic drivers for order-disorder
behavior.
At present we are limited in our ability to visualize and
model highly non-equilibrium processes during synthesis
and disordering. In situ X-ray scattering methods can
provide valuable insight into dynamic crystal rearrange-
ments during growth. These methods should be extended
to other systems, as well as broader kinetic and ther-
modynamic parameter spaces. Combinatorial synthesis
approaches92 and data science techniques93 may help ex-
plore many possible synthesis pathways and extract the
most optimal ones. In addition, in situ studies using
other techniques such as STEM should also become more
commonplace. Janish et al.,83 for example, have shown
that in situ STEM heating experiments can visualize the
recovery of radiation damage in pyrochlores. This new
experimental window will in turn help refine key inputs
for ab initio models of order-disorder behavior, guiding
targeted synthesis efforts.
In regards to radiation effects, more systematic study
of the factors that mediate defect formation and trans-
port is needed. Are substrate-induced strain and inter-
face configuration important or is it simply the compe-
tition of defect formation in each component that mat-
ters? Can heterostructuring be used to craft compos-
ite oxide structures with tunable radiation responses, as
has been shown in the case of metal multilayers?73 And
how can defect engineering be used to direct disorder-
ing pathways? These complicated questions will require
careful study of well-defined model oxide systems under
controlled irradiation conditions. Ultimately, a better
understanding of order-disorder processes will allow us
to more fully harness this important class of functional
materials.
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